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Motor
Variable DC link voltage
Boost converter
Fig. 1: Example of the main circuit for motor drive with a battery and a boost converter.
t
v PAM: change pulse amplitude
Fig. 2: Example of the PAM waveform.
t
v PWM: change pulse width
Fig. 3: Example of the PWM waveform.
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Fig. 4: Description of train operation times in detail and definition of hidden time to be dedicated
to energy-saving effort.
1.6 ??????
??????? Fig.5????
? 2?????????????????????????????????????????
??????????????????????
? 3????????????????????????????????????????
???????????????????????????????????????????
? 4?????????????????????
– 6 –
第1章 研究背景
電気鉄道駆動の高性能化
第4章 結論
第3章 加速度向上による
列車の省エネ運転
列車運転のモデル化
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2自由度制御の提案
昇圧コンバータのモデル化
制御性能の評価
Fig. 5: The structure of this research.
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D
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D
Fig. 6: Circuit schematic of boost converter.
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(a) TR is on.
L
Vo
rL
Vi
R
CVC
IL
(a) TR is off.
Fig. 7: Switching state and equivalent circuit of boost converter.
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Fig. 8: Example of the relationship between conversion ratio and duty ratio on a boost converter.
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????(2-19)?(2-20)????????????????? (Do, Vi, Vo, IL)????????
???????D???????????????????∆D??????????????
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???D = Do +∆D?u = Vi?x =X +∆x?y = Y +∆y????(2-13)??(2-14)????
???????
d
dt
∆x = A(D)∆x+ ∂A(D)
∂D
∆D (2-21)
∆y = C∆x (2-22)
????(2-21)?(2-22)?? Laplace????????∆D??????????????
∆Y
∆D
= C(sI −A(D))−1∂A(D)
∂D
X (2-23)
????(2-23)??????????????????????
∆IL
∆D
(D′) = D
′RVi
L(D′2R + rL)
s+ 2
CR
s2 + CrLR + L
LCR
s+ D
′2R + rL
LCR
(2-24)
?????????????????????(2-23)???????????????????
??
∆Vo
∆D
(D′) = Vi
C(D′2R + rL)
−s+ D
′2R− rL
L
s2 + CrLR + L
LCR
s+ D
′2R + rL
LCR
(2-25)
?????? (D′2R − rL)/L?D′ < 1−
√
rL/L?????????????????????
?????????????????????????????????????????
D??????? (2-25)?????????? Fig.9??????????????????
???? Fig.10????D??????DC???????????????????????
?????????????????????????????
2.3 FF???Preactuated multirate feedforward (PMF)
??????????????????????????????????????????
???????????????????????????????????????????
??? (LTI) ?????????????????????????????????????
????????????????????????????????????????????
?????????????????????????????
???????????????????????????????????????????
??????????? 2?????1??????????????????????????
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Pole
Zero
D = 0
D = 0
D = 0
D = 1 D = 1
Re
Im
0
Fig. 9: Variation of the location of poles and a zero for the small signal transfer function of the
output voltage of the boost converter.
???????? 1??????????????????????????????Multirate
Feedforward (MRFF)???? Preactuation???????????????????????
????????????????????????
2.3.1 ??????????????????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????
????????????????? (LTI)?????
P (s) = Y (s)
U(s) =
bms
m + bm−1sm−1 + · · ·+ b0s0
sn + an−1sn−1 + · · ·+ a0s0 , m < n, bm ̸= 0 (2-26)
???? FF??? Cff (s)????????? Laplace??R(s)????Y (s) = R(s)????
???????????????????FF??????
Cff (s) = P−1(s) (2-27)
????
Y (s) = P (s)Cff (s)R(s) = P (s)P−1(s)R(s) = R(s) (2-28)
?????????????????????????????? (2-26)???????B(s)?
??????????????????????????????????????U(s)???
???????????????????????????????????????????
????????????????????????????????????????????
– 14 –
Fig. 10: Variation of the gain of small signal transfer function of the output voltage of the boost
converter.
???????????????????????????????????????????
???????????
2.3.2 ??????????
??????????????????????????????????????????
?????????????????????????
?????????????????????????? T ?????????? z = esT ?
Tustin?? s = 2
T
z − 1
z + 1 ???????? [37]??????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????
????????? preactuation???????????????????????????
???????????????????????????????????????????
?????????????????????????????? [38]???????????
??????
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2.3.3 PMF?????????????????????
PMF???????????????? 2????????????????????????
?????????????????????????????????????????MRFF?
?????????????????? Preactuation????
(2-26)??????????????
Y (s) = B(s)X(s) (2-29)
X(s) = 1
A(s)U(s) (2-30)
???????X(s)??????(2-30)??? Laplace????
x(n)(t) +
n−1∑
k=0
akx
(k)(t) = u(t)
x(n)(t) = −
n−1∑
k=0
akx
(k)(t) + u(t)
????x = (x0(t), x1(t), . . . xn−1(t))T ?????????????????
x˙ = Acx(t) + bcu(t)
??????
Ac =

1 0 · · · 0
0 . . .
...
...
... · · · 1 0
−a0 · · · −an−1 1
 , bc =

0
...
0
1

????
2.3.4?????????????????MRFF????????????????
??????????????????????????????? (2-29)???
X(s) = 1
B(s)Y (s)
????????B(s)???????????????? Laplace???? 1/B(s)? t→∞?
?????????2.3.5????????stable inversion?????????Preactuation??
???????????? t→∞?????????????
??????Preactuation??????????????????????????????
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Preactuation MRFF Plant
u[i]x(t) y(t)r(t)
Output TrajectoryReference Trajectory State Trajectory Control Input
B(s)
A(s)
A(s)
1
B(s)
FeedForward Controller
Fig. 11: Block diagram of PMF implementation.
u1[i]
u2[i]
iTr
kTu (k + 1)Tu
(i+ 1)Tr
t
Tr
Tu
x(t)
xd[i]
xd[i+ 1]
Tu = kTr/N
Fig. 12: Principle of multirate feedforward.
????????????????????????????????????????????
???????????????????????????????????????????
Fig.11???????
2.3.4 ????????????????MRFF???
MRFF?? [38]???????????????????????????????????
????????????????
??????????????????????????????????????????
???????????????????????????????
???????????????
x˙ = Acx(t) + bcu(t) (2-31)
????(2-31)????
x(t) = e(t−t0)Acx(t0) +
∫ t
t0
e(t−τ)Acbcu(t)dτ (2-32)
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????t0 = nTr, t = (n+ 1)Tr?????
x((n+ 1)Tr) = eTrAcx(nTr) +
∫ (n+1)Tr
nTr
e((n+1)Tr−τ)Acbcu(τ)dτ
?????????? [nT, (n + 1)T ]? Fig.12???? 0 = µ0 < µ1 < · · · < µN = 1 ???N
???? [(n+ µk−1)T, (n+ µk)T ]??????
x((n+ 1)Tr) = eTrAcx(nTr) +
N∑
k=1
∫ (n+µk)Tr
(n+µk−1)Tr
e((n+1)Tr−τ)Acbcu(τ)dτ (2-33)
???????????????????? u(t) = uk???????
x((n+ 1)Tr) = eTrAcx(nTr) +
N∑
k=1
uk
∫ (n+µk)Tr
(n+µk−1)Tr
e((n+1)Tr−τ)Acbcdτ
????τ ′ = (n+ 1)Tr − τ ???????
x((n+ 1)Tr) = eTrAcx(nTr) +
N∑
k=1
uk
∫ (1−µk)Tr
(1−µk−1)Tr
eτ
′Acbc(−dτ ′)
= eTrAcx(nTr) +
N∑
k=1
uk
∫ (1−µk−1)Tr
(1−µk)Tr
eτ
′Acbcdτ
′
????
A = eTrAc ,
B =
(
b1 · · · bN
)
, bk =
∫ (1−µk−1)Tr
(1−µk)Tr
eτ
′Acbcdτ
′, (2-34)
u(nTr) =

u1
...
uN

????MRFF??
x((n+ 1)Tr) = Ax(nTr) +Bu(nTr) (2-35)
????
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µk = k/N ????????????????????????
bk =
∫ (1− k−1
N
)Tr
(1− k
N
)Tr
eτ
′Acbcdτ
′
=
∫ 1
N
Tr
0
e(τ+(1−
k
N
)Tr)Acbcdτ τ = τ ′ − (1− kN )Tr
= e(1− kN )TrAc
∫ 1
N
Tr
0
eτAcbcdτ
= (e 1N TrAc)N−k
∫ 1
N
Tr
0
eτAcbcdτ (2-36)
?????
As = e
1
N
TrAc , bs =
∫ 1
N
Tr
0
eτAcbcdτ (2-37)
???? (2-34)??
A = ANs
bk = Aksbs, B =
(
AN−1s bs · · · bs
)
?????
B???????????N??????N?A???????????B =
(
AN−1s bs · · · bs
)
?As?bs??????????????????????(2-35)???
u[n] = B−1(x[n+ 1]− Ax[n])
= B−1(I − z−1A)x[n+ 1] (2-38)
????(2-38)??????????? x???????????????? u???????
?????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????
2.3.5 Preactuation
Preactuation??Stable inversion [39]?????????????????????????
???????????????????????????????????????????
??????????Stable inversion??????????????????????????
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???????????????????????????????????????????
???????????????????????????????????????????
?????????????? Laplace?????????????????????????
? stable inversion??? [40]????
???? LTI????????? (2-26)????????????????????????
?????????????
X(s) = 1
B(s)Y (s) (2-39)
???? 1
B(s) ?????????????????? F
st(s)??????????? F ust(s)?
?????
1
B(s) = F
st(s) + F ust(s). (2-40)
???????????? yd(t)?????????????????
x(t) = L−1
[ 1
B(s)Yd(s)
]
=
∫ t
0
r(τ)f st(t− τ)dτ +
∫ t
0
r(τ)fust(t− τ)dτ (2-41)
?????????(2-41)??? 1?????????? yd(t)????? t→∞??????
????? 2??????? F ust(s)???????? t→∞?????????
??????????????????????????????????? Stable inversion
??????
Stable inversion?????? Laplace?? [37]????????????? g(t)??????
Laplace???
F (s) = L¯[g(t)] :=
∫ +∞
−∞
e−stf(t)dt (2-42)
????????Laplace??????????????Laplace????????−∞ < t <∞
?????????????? Laplace??? (2-43)?? 2??????
F (s) = L¯[f(t)] =
∫ +∞
0
e−stf(t)dt+
∫ 0
−∞
e−stf(t)dt (2-43)
??????????????????????? Laplace??????f(t)?????t < 0?
? f(t) = 0????????????????? Laplace???????????
??? Laplace???????? Laplace?????????
f(t) = L¯−1[F (s)] := 12pij
∫ α+j∞
α−j∞
estF (s)ds (2-44)
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Im
Re
0
α+ j0
R → ∞
α+ j∞
α− j∞
pn
pm
Fig. 13: The route of integration for calculating the inverse Laplace transformation.
??????
?????????????????? α????Fig.13????????????????
1
2pij
∫ α+j∞
α−j∞
estF (s)ds =

∑
Re(pn)<αRes [estF (s), pn] t ≥ 0∑
Re(pm)>αRes [−estF (s), pm] t < 0
?????????? α?????????????? t ≥ 0????????? α?????
????????? t < 0???????????? Laplace????????????????
t????? Laplace????????????????? F (s)??????????????
?B(s)??????????????α = 0?????
1
2pij
∫ +j∞
−j∞
estF (s)ds =

∑
Re(pn)<0Res [estF (s), pn] t ≥ 0∑
Re(pm)>0Res [−estF (s), pm] t < 0
(2-45)
????????????????????? t < 0???????????????????
????? t ≥ 0????????????????????????????? t??????
?? Laplace??????????? α = 0????
????????? Laplace??????
L¯
[∫ +∞
−∞
g(t− τ)f(τ)dτ
]
= G(s)F (s) (2-46)
??????
Preactuation?????????????????????? yd(t)????? Laplace???
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Yd(s)????(2-40)?????????????????????? Laplace???
L−1[F st(s)] = f st(t) (2-47)
L−1[F ust(−s)] = f¯ust(t) (2-48)
????F ust(s)??????????????F ust(−s)?????????????????
Laplace?????????
1. ??? F st(s)?????????????????(2-45)?????
L¯−1[F st(s)] =

∑
Re(pn)<0Res [estF st(s), pn] t ≥ 0
0 t < 0
= L−1[F st(s)]
= f st(t) by (2-47) (2-49)
??????(2-46)?????
L¯−1[F st(s)Yd(s)] =
∫ +∞
−∞
f st(t− τ)yd(τ)dτ
f st(t), yd(t)? t < 0?????? 0???????????
L¯−1[F st(s)Yd(s)] =
∫ t
0
f st(t− τ)yd(τ)dτ (2-50)
????
2. ???? F ust(s)????F ust(−s)??????????????(2-45)?????
L¯−1[F ust(−s)] =

∑
Re(pn)<0Res [eustF (−s), pn] t ≥ 0
0 t < 0
= L−1[F ust(−s)]
= f¯ust(t) by (2-48) (2-51)
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??????????
L¯−1[F ust(s)] = 12pij
∫ +j∞
−j∞
estF ust(s)ds
= 12pij
∫ −j∞
+j∞
e−s
′tF ust(−s′)(−ds′), s = −s′, ds = −ds′
= 12pij
∫ +j∞
−j∞
es
′t′F ust(−s′)ds′, t′ = −t
=

∑
Re(pn)<0Res
[
es
′t′F ust(−s′), pn
]
t ≥ 0
0 t < 0
= L−1[F ust(−s′)]
= f¯ust(t′) by (2-51)
= f¯ust(−t) (2-52)
??????(2-46)?(2-52)?????
L¯−1[F st(s)Yd(s)] =
∫ +∞
−∞
f¯ust(−(t− τ))yd(τ)dτ
=
∫ −∞
+∞
f¯ust(−t− τ ′)yd(−τ ′)(−dτ ′) τ = −τ ′, dτ = −dτ ′
=
∫ +∞
−∞
f¯ust(t′ − τ ′)yd(−τ ′)dτ ′ t′ = −t
f¯ust(t), yd(t)? t < 0?????? 0?????????????????????
L¯−1[F ust(s)Yd(s)] =
∫ t′
−∞
f¯ust(t′ − τ ′)yd(−τ ′)dτ ′
∣∣∣∣
t′=−t
(2-53)
????
(2-50)?(2-53)????
x(t) = L¯−1[F (s)Yd(s)]
=
∫ t
0
r(τ)f st(t− τ)dτ +
∫ t′
−∞
r(−τ)f¯ust(t′ − τ)dτ
∣∣∣∣
t′=−t
(2-54)
??????????????????????????????
(2-54)??? 2????????????????? Stable inversion???????????
????????????????????????????−∞???????????t < 0
????? x(t) ̸= 0???????????? r(t)???????????????? x(t)??
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U(s) Y (s)
Pn
+
−
+
+
Cfb P
e(s)
Fig. 14: Principle of model following feedback control.
U(s) Y (s)
Pn
+
−
Cfb P
e(s)
Fig. 15: Normal feedback control.
????????????????? Preactuation????????????????????
???????????????????????????????????????????
????????
2.4 ???????FB??
??????2???????FB???????FF????????????????? [41]
????????????????????????????
??????? FB?????????? Fig.14?????????? FB????????
?? Fig.15????
Fig.14??? u???? y???????? (2-55)??????????
Y (s) = PU(S) + PCfb(PnU(s)− Y (s))
= P (1 + CfbPn)U(s)− PCfbY (s)
Y (s)
U(s) =
P (1 + CfbPn)
1 + PCfb
(2-55)
???Fig.15??? u???? y???????? (2-56)??????????
Y (s)
U(s) =
PCfbPn
1 + PCfb
(2-56)
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Cfb →∞???????????? FB??
Y (s)
U(s) =
P
(
1
Cfb
+ Pn
)
1
Cfb
+ P
→ Pn (2-57)
????? FB??
Y (s)
U(s) =
P
1
Cfb
+ P
→ Pn (2-58)
????????(2-57)?(2-58)????????????????????????? FB??
?????????? y/u = Pn????????????????????????
2????????? FB????????????? e?????
??????? FB??????e? (2-59)?
e(s) = Y (s)− PnU(s)
= P (1 + CfbPn)1 + PCfb
u− PnU(s)
= P − Pn1 + PCfbU(s) (2-59)
?????????????? FB??????e? (2-60)?
e(s) = Y (s)− PnU(s)
= PCfbPn1 + PCfb
u− PnU(s)
= −Pn1 + PCfbU(s) (2-60)
???????(2-59)?????????????????????????? FB?????
??????(2-60)??????????????????????? FB?????????
????????????????? FF?????? 2?????????????????
????
??? FB???????????????????? FB?????????????FF?
????? FB????????????????????????FF????????? FB
??????????????????????????? FB?????FF?????? FB
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Vref VoD
Cpid PlantCff Pn
+
−
+
+
Fig. 16: 2 DOF control system of the boost converter with LPV nominal model Pn.
Cpid Plant
+
+
+
−
Vref
∆V
Vo
∆D D
Dref
Cff
Fig. 17: 2 DOF control system of the boost converter with direct feedback.
???????????????????????????? FB??????????????
FF??????????????????????????????
??????????? FB??? 2?????? FB??????????????????
????
2.5 ????
?????2.2????????????? LPV???????????????????FF?
??????????????????????????????FB?????????? 2?
???????????????
2.5.1 ?????
????????LPV????????? 2??????????????Fig.16????FB
????????????????? 2??????? Fig.17???????????????
?????????FB???????????????∆V ??FF?????????????
????? Pn??????????????????????? 2?????????FF??
???????? FB????????????
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2.5.2 FB?????
???? FB??????????????FB?????? (2-61)?? PID????????
Cpid = kp + ki
1
s
+ kd
s
1 + τds
=: bc2s
2 + bc1s+ bc0
s2 + ac1s
= Nc(s)
Dc(s)
(2-61)
??????????????????????????????????(2-25)?????
∆Vo
∆D
(D) =: bp1s+ bp0
s2 + ap1s+ ap0
= Np(s)
Dp(s)
(2-62)
????????????????
Dclc = DpDc +NpNc (2-63)
????(2-61)?(2-62)?????? (2-63)????? 4?????????????? 4???
?
Dd(s) = s4 + a3s3 + a2s2 + a1s+ a0
????????????????
??????????????????????????????????????????
???????????????????????????????? 1???????? 4?
???Dd(s) = (s+ ωo)4?????
2.5.3 FF?????
???? FF??????????????????? FF?????????????? FF?
PMF? 2???????????????????? Fig.18?19????
???? FF??
???? FF????????????????????????????????????
????????????? (2-18)????????????????????????
PMF??
PMF??????????????????????????????? PMF??????
??????????????????? vr(t) = antn + · · · + a0??????????? n (n
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D = 1−
1
2

 Vi
Vo
+
√(
Vi
Vo
)
2
− 4
rL
R

 DVref
Fig. 18: Step feedforward controller for the boost converter.
???)???????? Tr????????????

Vr(0) = Vstart ,
V
(k)
r (0) = 0, 1 ≤ k ≤ (n− 1)/2,
Vr(Tr) = Vend ,
V
(k)
r (Tr) = 0, 1 ≤ k ≤ (n− 1)/2
(2-64)
????????????? V (k)r (t)? Vr(t)? k?????????????????????
?? n+ 1???????(2-64)??????????????
PMF??????????? Fig.19????Fig.19????????????? Vref = Vstart?
???????????∆Vo/∆D|Dstart ???? PMF??? Vref = Vend ??????????
?∆Vo/∆D|Dend ????PMF???????????????????????????PMF
????????????????????∆DLTI
Dstart
(t)?∆DLTI
Dend
(t)????????????
???????????????????????????????????????????
? |Dend −Dstart |???????????????????????????????????
?????????????∆D1(t)?∆D2(t)??????????????? Fig.20????
?????????????????Dstart?Dend???????D1(t)?D2(t)????D1(t)?
D2(t)????????????????? Dstart?Dend ?????????????????
Fig.19? Interpolation?????????
D(t) = D1(t)(Dend −D2(t)) +D2(t)(D1(t)−Dstart)(D1(t)−Dstart) + (Dend −D2(t)) (2-65)
??????Fig.21???????????????????
2.6 ???????????????
?????2.5????????? 2??????????????????????????
??????????
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D
Steady Error
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+ D1(t)
D2(t)
∆D1(t)
∆D2(t)
Fig. 19: Preactuated multirate feedforward controller for the boost converter.
∆Vend
t = 0
0
∆DLTI
t = 0
0
|Dend −Dstart |
t = 0
0
PMF
Multiply a value to the
trajectory to eliminate
steady error
∆DLTI
Fig. 20: Generation of duty trajectory with PMF and elimination of steady error.
2.6.1 ??????????
???????????????????????????????????????Mathworks
??Matlab R⃝?? Simulink R⃝?????(2-13)?(2-14)?????????????? LPV?
???????????????????????????????????????????
???????? Table1????
D1(t) − Dstart
Dend − D2(t)
Dstart
Dend
D2(t)
D1(t)
t = 0
Fig. 21: Interpolation method of 2 preactuated reference trajectories.
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Table 1: Condition of numerical simulation and experimental verification.
Variable Value
Inductance L 400 µH
Series Resistance of Inductor rL 0.1 Ω
Capacitance C 89 µF
Load resistance R 10 Ω
Input voltage Vi 5 V
Output voltage Vo 10 V → 15 V
Switching frequency 10 kHz
Rise time Tr 2 ms
Order of polynominal trajectory 9
Angular frequency of pole placement ω0 1000 rad/s
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Fig. 22: Simulation result of step feedforward and 2 types of feedback control of the boost con-
verter.
2.6.2 2?????????????????
????2??????????????????????????????
?? FB???????????? FB?????
????2?????? FB??????????????????? FB????? Fig.17?
?????????????? FB????? Fig.16? 2?????????????? FF?
???????? 2??????????????????????????????????
????????????? Fig.22????
??FB???????????????????????????????????????
?? FB???????????????????????????? 9 ms?????????
???????
??????????????????????????????????????????
??????????????? FB??????????????????????????
?? FF???????????????????????????????????? LPV?
??????LPV???????????????????????????
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Fig. 23: Simulation result of 2 DOF model feedback control of the boost converter.
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Fig. 24: Simulation result of 2 DOF model feedback control of the boost converter with modeling
error.
???? FF???PMF?????
????????? FB???????FF??????? FF?PMF???????????
???????????????????????????????????? Fig.23????
????????????? FF???????????????????????????
????????????FF??????????????????????????????
???PMF??????????????????????????????????????
?????
2.6.3 ?????????????
??????????????????????????????????????????
???????????????????????????????????????????
?? 0.1 Ω?? 0.05 Ω?????????????????????????? Fig.24????
????????????????????????????? FF?????????????
????????????????FF????????????????????????FB
????????????????????????????PMF? Step FF????????
???????????????????????????????????? Step FF???
??????????????????????? PMF???????????????
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Fig. 25: Experimental result of feedforward control of the boost converter.
2.7 ?????????????
2.7.1 FF??????????
???FF?????????????????????????????
??????? Fig.25????FF??????????????????????????
???????????????????????????????????????????
?????????????FB?????????
FB?????? 2???????????????????????
2.8 ???????????????????
??????????????Table2????2.6????????????FB??????
?????????? FB?????????????????????????
??????? FB????????? FF??????????PMF??????????
???????????????????????????????????????????
????PWM???? 10 kHz??????3.22 ms?????? PWM? 32???????
????????? [17]?? 100 kHz? PWM?????? 0.28 ms????????28???
???????????????????????????????????????????
??????????????????FB???????????????????????
??????τd = 1/ωd = 1ms? 4????????? 4 ms????????????????
??????????? FF?????????????????FB????????????
???????????????????
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Table 2: Summary of numerical simulation results.
26.7 9.5 1.34 5.28
FF control FB control Overshoot [%] Undershoot [%]
Maximum
tracking error
[V]
98% settling
time [ms]
Step FF
Step FF
PMF
Normal FB
Model follow-
ing FB
Model follow-
ing FB
Step FF
PMF
Model following
FB with model-
ing error
Model following
FB with model-
ing error
7.22
9.5518.2 6.1
3.20.0 0.88
1.07
31.0 6.9 1.55 8.51
16.8 4.0 0.61 3.22
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? 3 ?
???????????????????
?????
3.1 ??
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????
??????????3.2????????????????????????3.3?????
?????????????????????????3.4?????????????????
???????????????????????????????????????????
????????3.5??????????????????????????????????
????????3.6???????????????????????????3.7?????
????????????????????????????????????????3.8?
?????????????????????????????????
3.2 ?????????????
????????????????????????????????????????????
????????????????????? (3-1)??????????????m???
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????x???????v???????F ????????n???????R??????
t???????????
m
d2x
dt2
= F (v(t), n(t))−R(x(t), v(t)) (3-1)
?????? F ??????Fig.26??????????????????????-?????
????????????
????R???????????????????????????????? [42]???
????????? Rr????? Rg????? Rc????? Rs??????? Rt ?????
????????????????????????????????
1. ?????????????????????????????????????????
????????????????????????????????????????
????? 2???????????????????????????????????
??????????????????????
Rr = a0 + a1v + a2v2 (3-2)
2. ?????????????????????????????????????????
???????????????????????????m??????? θ?g???
????h????? h = tan θ?????
Rg = mg sin θ ≈ mg tan θ = mgh (3-3)
???????????????? θ????????????????????????
????????
3. ?????????????????????????????????????????
??????????????????????????????????????m??
????? g?????? r?????????????A????
Rc =
mgA
r
(3-4)
?????????????????A = 800??? 600?????????
4. ?????????????????????????????????????????
????????????????????????????????? 1t??? 30–50
N???????? 3 km/h????????????????????????????
??????
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Fig. 26: Example of the relationship between train speed, notch command and traction force.
5. ?????????????????????????????????????????
????? 20 N/t?????????? 10 N/t???????
3.3 ??????????????????
??????????????????????????????????????????
??????
???????????????????????????????????????????
???????????????????????????????????????????
? LIM? q??????????????????????????????????????
????? 2?????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????? d??q???????????
?????????????????? 2????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
???????1??????????? 2????????????????????Gap??
???????????????????????????????????????????
?????????????
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Fig. 27: Speed profile and energy consumption in each case of conventional and higher acceleration
driving strategy.
3.4 ????
3.4.1 ????????????????
???????????????????? Fig. 27???????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????? 3.5.2????????????
???????????????????????????????????????????
????????
??????3.5.3??????????????????????????????????
????????Automatic Train Operation, ATO????????????????????
???????????????????????????–?????????ATO????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????
?????????????????????????????????ATO???????
????????????????????????????????????
3.4.2 ????????????????????????????
???????? [34]????????????????????????????????
???????????????????????????????????????????
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Fig. 28: Example of relationships between energy consumption and running time of on-track tests
in one section.
???????????????????????????????1???????????
??????? [34]?E-t????? Fig.28???????????????????????
?????????????? Fig. 29???? 1???????????∆E-∆t??????
???????????????????????????????????????????
?????????????????????????
??????????????????????????????????? Fig.34????
???????????????????????????????????????????
???????????????????????????????????????
3.5 ???????????????????
3.5.1 ??????????
???????????????????????????????????????????
???????????????? [43]??????????????????????????
???????????????????????????????????????????
???????????????????? [44]?
3.5.2 ?????????????????????????
???????????????Linear Induction Motor, LIM??????????????
??????????????????????? LIM? 2????????????????
???????????????????????????????????????????
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Fig. 29: Example of relationships between difference of energy consumption and running time in
test runs in all sections in a line. Each symbol means the relationship in each section.
2??????????????????????????????????????????
???????????????????????????????
???LIM?????????????????????????????????????
????????????????????????????????????????????
??????????????????
3.5.3 ?????????ATO????
ATO????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????? ATO??????????????????????????????????
????????????????????ATO?????????????????????
?????????????????? [26]?
3.6 ????????????????
?????????????????????
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Table 3: Symbols in expression (3-5)
η Powering efficiency [-] v(t) Speed [m/s]
R(x(t), v(t)) Train resistance [N] x(t) Position [m]
Vinv(t) Main circuit voltage [V] a(t) Acceleration rate [m/s2]
Iinv(t) Main circuit current [A] M Mass of rolling stock [kg]
Fig. 30: Overview of the measurement system in the vehicle tests.
3.6.1 ????????????????????
??????????????????????????????????????????
? Fig. 30??????????????? (3-5)??????????? Table 3????
η(v) = ((Ma(t) +R(x(t), v(t))) · v(t)
Vinv(t) · Iinv(t) (3-5)
3.6.2 ??????????????????????????
???????????????????????????????????????????
??????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
???????????????????????????Fig. 31????????????
???????????????????????????????????????????
???????????????????????????????????????????
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Fig. 31: Design of speed profile for short lines with flat and simple track profile.
Fig. 32: Design of speed profile for long and/or upslope lines.
????????????????????
??????????????????????????????????????????
????Fig. 32????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????? [31]
?????????????Fig. 33??????????????????????
3.6.3 ???????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????? 17??????? 10????
???????320?????????????????????? 1?? 32????????
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Fig. 33: Design of speed profile for lines with down slope in early part.
???????????????????????????????????????????
??????????????? 288???????
????????????? E ??Fig. 30??????????????????????
?????????????????????????????????????(3-6)????
????
E =
∫ T
0
Vinv(t) · Iinv(t) dt (3-6)
????? ATO???????????????????ATO???? 0 km/h??????
????????? 0 km/h??????????????????????????????
?????????????????????????????ATO????????????
???????????????????????????????????????????
??????????????????????ATO???????????????????
???????????????????????????????????????????
???ATO??????????????????????????????????????
?????????????????????????? 1????????????????
?? 2?????Fig. 4 (C) ??????????????????????????????
??????±2???????????????????????????????????
??????
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3.7 ?????????????????????????
??????
3.7.1 1???????????????????
1???????????? Fig.34????1?????????????????????
???????????E-t???∆E-∆t????????????????????????
?????????Fig.34???????????????????????????????
???????????????????????????????????????????
? 1?????????????????????????????????????????
?????????????? 2????????????????????????????
??????
1. ???????????????
??????????????????????????????????????∆E?
????????∆t???????????????????????????????
?????????????????????????????????????????
????????????????????????????????∆E-∆t?????
??????????????????Fig.34??Fig.35???????????????
????????????Fig.34??????????????????????????
??????????????????????????????????Fig.35????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
2. ???????
??????E-t?????????????????????????????????
???????????????1?????????????????????????
???????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????
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Fig. 34: Energy-saving karte of a flat and straight section.
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Fig. 35: Energy-saving karte of a valley-shaped section.
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Table 4: Energy-saving effects by applying approximate distribution of running time in each
section.
Plan Time [s]
Energy
consumption [kWh]
Energy
saving [%]
Time ±2 s 2811.2 180.9 -
Time ±6 s 2812.2 176.4 2.5
3.7.2 ?????????????????????????????
?????
??????????????????????????????????????????
????Fig. 36??????????????? 9???????????∆E-∆t?????
?????????????∆E-∆t????????????????????????????
Fig. 36?? plan???????????????????????????????????
???????????????Fig. 36?????????????????????????
???????????????????? 32???? 72%????? 23?????????
??????????????????????????????????????
3.6.3?????????????????????????????±2 ?????????
?????????????????????????????????????±5?????
???????????????????????????????????????????
???????????±5????????????????±6 ?????????????
????????????????????? Fig. 37???????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????????? Table 4????
????????∆t?????????????????????????????????
???????∆E?????????????????????????∆t??????±2
???±6????????????????????????????????Table 4???
????????????????????????????????? 2.5 %???????
???????????????????????????????????????????
????????????? 2.5 %???????????????????????????
? [34]????????????????????????????????????????
???????
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Fig. 36: Experimental results of the relationships between difference of energy consumption and
running time for all sections in the line.
3.8 ?????????
3.8.1 ?????????????????
????????????? α = 2.5 km/h/s?? α = 3.0 km/h/s????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????? Fig. 38?????????????????
???????? 3.2 %??????????????????
3.8.2 ???????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????
??????????????????????????? Table 5???????????
????????????????????????????
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Fig. 37: Running time distribution based on experimental results.
Table 5: Summary of numerical simulations.
Plan Time [s]
Energy
consumption [kWh]
α = 2.5
Previous
Energy
saving [%]
—
α = 3.0
Proposed 2801.5 176.9 3.1
2809.7 182.6
3.8.3 ????????????????????
???????????????????????????????????????????
???????????????????????????????±2??????????
???????????????????Table 6?????????????????????
???????????????????????????Conventional??????????
??? 3.7 ??0.1 %??????????????? 11.6 kWh?6.0 %???????????
?????????????????????????? 32???? 72 %????? 23???
???????????????????????????????????????????
?????????????????
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Fig. 38: Measured efficiency and approximate profiles of powering and braking mode.
Table 6: Summary of experimental results.
α = 3.0
Plan Time [s]
Energy
consumption [kWh]
2807.5 192.5α = 2.5Conventional
α = 2.5
Previous
Proposed
2808.4 190.0 1.3
Energy
saving [%]
2811.2 180.9 6.0
—
3.8.4 ???????
?????????????????????????????????
1. ????????????????
Fig. 39???????????Fig. 39???????????????????????
?????????????????????????????????????????
????????????????????? 5.0 km/h???????? 107 m????
????????????????????? 6.44 kWh, ???? 5.78 kWh??????
?????????????????????????????????????????
????????????????????? 1.57 kWh, ?????????? 1.24 kWh
?????????????????????????????????????????
????????????????????????? 0.33 kWh?6.8%????????
????????
2. ??????????????????????????????
Fig. 40???????????????????????????????? 7.35 kWh??
???????????? 7.60 kWh?????????????????????Fig. 40
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+107 m
=0.66 kWh
=5 km/h
=0.33 kWh
Maximum speed
Powering energy Total energy
Coasting Length
Fig. 39: Result of on track test in a simple line profile.
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????
3. ?????????????????????????????????
Fig. 41?????????????????????????????????????
?????????????????????????????????????????
??16??? 5????????????
?????????????????????????????????????????
???????????????????????? Fig.41? α = 3.0 proposed 1???
?????????????????????????????????????????
?????????????????????????????????????????
???????????? 90 m??????????????????????????
???????? 16.3 %?????????????????????????????
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+24 m
Coasting length
+0.26 kWh
Powering energy Total energy
+0.31 kWh
The same notch off speed
Weak powering for
constant speed
Fig. 40: Result of on track test in a line consisting of speed limit in early part.
?? α = 3.0 proposed 2?????????????????????????????
?????????????????????????????????????????
????????????????????? α = 2.5 previous??? 2.2 %??????
??????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????? [27,30]???????????????????????
????????????????????????????????????????
???
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previous
Proposed 2
As much energy as conventional
Proposed 1
Higher Speed
Proposed 2
Makes use of
down slope
Weak acceleration for constant speed
Proposed 1
+90 m Coasting length
Proposed 2
+20 m Coasting length 
Proposed 1
More energy
Fig. 41: Result of on track test with down slope in early part of line profile.
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? 4 ?
??
4.1 ????????????????????????
??????????????????????????????????????????
???????????????????????????????????????PAM??
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????
????????????????????????????LTI?????????? PMF
??? LPV?????????????????????????????????? 2???
???? LTI??????PMF????????????????????PMF??????
?????????LTI???????? PMF?????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????
?????????FF????????????????????????????????
?????? FB??????????????????????? 2???????????
??FB????????????????????????????????????????
???????????FF???? PMF??????2?????????????????
??????????
????????????????????FB?????????????????????
???????????????????????????????????FF???????
??????????????????????????FF????????????????
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?????FB?????????????????????????????????????
???
4.2 ????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????? LIM? 2??????????????????
?????????? LIM? q???????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????∆E-∆t??????????????????????????
??????????????? Fig. 36, 37???????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????
???????????????????????????????????????????
?????????? 6.0 %????????????????????? 4.8 %???????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????
4.3 ????????
????????????????????????? 2???????????????
FPGA????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????? 2???????
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?????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????? Energy storage system?ESS????????????????????????
??? ESS??????????????????????????????????????
????????? ESS?????? 1?????????????????????????
????????????ESS?????SOC??????????????????????
???????????????SOC????????????????ESS????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????
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??
??????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????ATO????????????
ATO?????????????????????????????ATO?????????
???????????????????????????LIM???????????????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
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?????????????????????????????
??????????????????????????????????????????
????????????????????????????????????????????
????????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
???
??????????????????????????????
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